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Introduction
In recent years, the United States has expanded the use of technologies that involve injection (and in some cases associated production) of fluid at depth to meet future energy needs, limit emissions of greenhouse gases, and safely dispose of wastewater. To varying degrees, the injection and production practices employed in these technologies have the potential to introduce seismic hazards (National Research Council, 2012) . The significance of induced seismicity associated with wastewater disposal from natural gas production is highlighted by the 2008 magnitude (M) 3.3 and 2009 earthquake sequence near the Dallas-Fort Worth Airport (Frohlich and others, 2011) , and the 2011 seismicity induced by the deep injection of wastewater near Guy, Ark. (M 4.7) and Youngstown, Ohio (M 4.0; Horton, 2012; Kim, 2013) . Likewise, there is a potential seismic hazard associated with geologic carbon capture and sequestration (CCS) projects, which involve injection of vast quantities of supercritical carbon dioxide (CO2) into sedimentary basins located in or near major urban centers of the eastern and central United States (National Research Council, 2012) .
The U.S. Geological Survey (USGS) operates a seismic network to assess the seismic hazard associated with CCS in Decatur, Ill., where Archer Daniels Midland (ADM) operates a corn-ethanol fermentation facility that generates CO2 as a byproduct. Decatur is the site for two CCS projects, one past, one present:
• The Illinois Basin Decatur Project (IBDP), led by the Illinois State Geological Survey (ISGS), which injected supercritical CO2 from November 2011 until November 2014 (Finley, 2014) • The Illinois Industrial Carbon Capture and Sequestration project (ICCS), led by ADM, which started injecting supercritical CO2 in April 2017 (Gollakota and McDonald, 2014) .
In both projects large quantities of supercritical CO2 are injected into the lower Mount Simon Sandstone, a basal brine reservoir in the Illinois Basin. The IBDP injected 1,000 metric tons/day of CO2 into the lower Mount Simon Sandstone at a depth of 2.1 kilometers (km), from November 2011 to November 2014. Only low magnitude, <M 1.2, microseismicity was detected (Kaven and others, 2015) and fluid pressure was not significantly altered outside of the injection horizon during the first phase (Strandli and others, 2014) . The ICCS will inject supercritical CO2 into a new well (CCS#2) about 1 km north of the IBDP well, at a rate of 3,000 tons/day (1.1 million tons/year) over a five-year period. The CCS demonstration site is an excellent natural laboratory for better understanding the seismic hazards that may be associated with geologic CO2 sequestration.
To improve our understanding of the conditions and material properties at the Decatur CCS site, we carried out rock testing on sidewall and whole cores obtained by the ISGS and Schlumberger Carbon Services (SCS) from CCS#2 and nearby verification well (VW) drill holes. This report summarizes the findings from our testing.
Sample Description and Procedures
Fifteen samples were obtained for analysis from three drill holes at the Decatur, Ill., wastewater injection site; VW1, VW2, and the injection well CCS#2 ( fig. 1 ). VW1 and VW2 are located about 1,350 meters (m) apart, and CCS#2 is 525 m from VW1 and 800 m from VW2. Because the stratigraphic column is essentially the same in each well and ground surface elevation is uniform across the site, depths from one well can be directly correlated with depths in an adjacent well. The samples are: The Eau Claire Shale is fragile and could not be cored into cylindrical experimental samples. The sample was cut into cubes 2.54 centimeters (cm) on a side for testing in both vertical and horizontal orientations. The Mount Simon Sandstone and Precambrian basement sidewall cores, between 2.28 and 2.54 cm in diameter, were more competent, requiring only that the ends be ground to make them flat and parallel. As a result, all of these samples were different lengths, varying between 2.1 and 6.6 cm. 
Porosity
All samples were dried in a vacuum oven overnight at 80 °C and then weighed to determine bulk density (table 1) . The samples were then saturated in a vacuum oven and the wet weight determined while suspended in water. Porosity, Φ, was calculated using the relation
where Wd is dry weight, Ww is submerged wet weight, and V is sample volume.
Permeability
For permeability measurements, samples were jacketed in latex tubing, which was clamped to endplugs to isolate the sample from the silicone-oil confining fluid. A stainless-steel mesh placed on either end of the sample enabled uniform flow into and out of the core. This assembly was then placed inside a pressure vessel and connected to a pore-pressure system comprised of a pressure generator and transducer. The sample and pore-pressure assembly were evacuated for as much as one hour through the pore-pressure lines and then saturated with deionized water. However, for shale samples, 0.01 molar NaCl was used to help stabilize the clay constituents, because deionized water would cause the clays to swell. A representative effective pressure (Pe= confining pressure -pore pressure) was assigned to each sample based on sample depth, assuming an average overburden density of 2.3 g/cc and a hydrostatic porepressure gradient. Then, permeability was measured for each sample at its representative effective pressure (table 1) . Permeability was measured using a steady-state flow technique. Pore pressure on the inlet side of the sample was held at a fixed value; 1 megapascal (MPa) for the sandstones and as much as 5 MPa for the tight shale and Precambrian basement samples. The outlet was vented to the atmosphere and confining pressure was set to provide the desired effective pressure. Flow rate was determined by recording the change in volume of the pore-pressure pump needed to maintain the applied pressure gradient. Permeability was determined using Darcy's Law:
where Q is flow rate, A is the cross-sectional area of the sample, k is permeability, µ is the dynamic viscosity of water (0.95 centipoise in these experiments), and dP/dx is the pore pressure gradient across the length of the sample. Permeability values are accurate to roughly ±20 percent below 10 -21 m 2 and ±10 percent above 10 -21 m 2 .
Young's Modulus, Poisson's Ratio and Fracture Strength
With the exception of the fragile shale, samples were reused to measure elastic properties. For these experiments, axial and transverse strain gauges were glued to the side of each sample. The cores were then jacketed in three layers of polyolefin shrink tubing and clamped to the endplug. This jacketing procedure was used to accommodate the strain gauge wires, which led from the gauges out into the confining fluid and then to high-pressure feed-through ports, where the signals were brought out of the pressure vessel. Before the start of each test, the strain gauges were calibrated and zeroed. An axial stress (σ1) was applied by a piston that advanced at 1 micrometer/second (µm/sec) until each sample had reached approximately half of its failure strength (sometimes referred to as peak or ultimate strength), either estimated or measured (table 1). The axial stress was cycled to distinguish between elastic and inelastic strain. The elastic strain response was used to determine Young's modulus, Ey, by the relation
where εax is axial strain.
Poisson's ratio, ν, is defined as
where εtr is transverse strain.
Anisotropy in the shale owing to bedding results in two independent values for Young's modulus and Poisson's ratio (one parallel to bedding and the other perpendicular to bedding). Young's modulus was measured both parallel and perpendicular to bedding, but Poisson's ratio was only measured perpendicular to bedding. Details are provided in appendix 2. In addition to the elastic measurements, the shales and three of the Precambrian basement rocks were loaded to failure. The reservoir rocks were restricted to non-destructive testing. Shale cores: A, bedding-perpendicular core orientation; B, bedding-parallel core orientation; all other cores are bedding-perpendicular orientation. P e is estimated in situ effective pressure based on depth, hydrostatic pore fluid pressure, and an average core density of 2.3 g/cc. Φ values computed using equation 1. Both determinations of Poisson's ratio for the Eau Claire Shale are for ν' (ν was not measured; see appendix 2 for details). Failure stress is peak differential stress (σ ∆ = σ 1 -P e ) at failure. GPa, gigapascal; MPa, megapascal; m, meters; m 2 , meters squared; g/cc, grams per cubic centimeter.
Results
Sample bulk density is shown in figure 2 as a function of depth. Density correlates with lithology; the Precambrian basement rocks are the densest (2.6-2.7 g/cc), the sandstone reservoir rocks are the least dense (2.2-2.5 g/cc), and the Eau Claire Shale is intermediate at 2.6 g/cc. Porosity, Φ, also correlates with lithology, as seen in figure 3. The Precambrian basement rocks all have a porosity of less than one percent. Reservoir sandstones, which vary greatly in outward appearance, have porosities ranging from 6 to 21 percent, and the shale porosity is 3 percent. This wide range in porosity has a strong influence on permeability, shown as a function of depth in figure 4, as the low porosity shale and basement rocks have exceptionally low permeability values (<10 -21 m 2 ). Reservoir sandstones cover a wide range of permeabilities from 10 -15 to 10 -19 m 2 . The core at 2,079.7 m has a particularly high permeability relative to porosity (see table 1 ). Photomicrographs of samples from each of the tested rock units, presented in appendix 1, illustrate some of the factors that influence porosity and permeability. These factors include the presence or absence of authigenic clays in pore spaces in the sandstones, which substantially reduce porosity and permeability; silica overgrowths on quartz grains that fill pore space; and recrystallization of the quartzofeldspathic groundmass into an interlocking texture in the Precambrian basement rocks that reduces porosity and permeability. It should be noted that in sandstone samples where the pore space is lined with expandable clay, pore-fluid chemistry also plays a role in permeability measurements because of the differing degrees to which clay layers swell with brine concentration. Because we tested sandstone samples with deionized water, we would expect lower permeability results for samples with a significant expandable-clay fraction when compared to tests using, for example, brine or gas as a pore fluid. However, a number of the sandstone samples tested (figs. A2, A3, and A5) had little or no clay filling and should provide permeability values comparable to in-situ permeability. A typical stress-displacement curve is shown in figure 5 for a Precambrian basement rock from a depth of 2,184.8 m that was stress-cycled twice to progressively higher pressures and then loaded to failure. Differential stress (axial load minus confining pressure) is shown for loading only, the unloading curves have been removed for clarity. In this example, when the axial load is removed and re-applied, there is a permanent offset in the stress-displacement curve that represents non-recoverable inelastic strain. The second loading cycle then provides a good measure of elastic strain until the previous cycle-peak load is exceeded. Above this stress, additional inelastic strain is again accumulated, resulting in an additional offset of the loading curve when stress cycling is repeated. Elastic moduli were determined from the last cycle, at pressures not exceeding the peak load of the previous cycle, to exclude non-recoverable inelastic strain. Average Young's modulus as a function of depth for all samples is shown in figure 6 . Values range from 19 to 80 gigapascal (GPa) (table 1). Higher Young's modulus generally correlates with lower porosity. Thus, the low-permeability basement rocks are also the stiffest. For the Eau Claire Shale, Young's modulus showed a 10 percent anisotropy with higher stiffness parallel to bedding.
Young's modulus varies slightly with applied differential stress. Figure 7 shows Young's Modulus for the reservoir rocks only, with data from figure 6 broken down into four progressively higher differential stress ranges as the sample was loaded. With the exception of the shallowest sandstone, this plot demonstrates that Young's modulus generally increases 20-30 percent with increasing differential stress between the lowest (0 -20 MPa) and highest (60 -80 MPa) pressure range. The average Poisson's ratio, also taken from the last stress cycle of each sample, is shown in figure  8 . Values range from 0.13 to 0.29, with the most variation occurring in the reservoir sandstones. Poisson's ratio is also dependent on differential stress, as shown in figure 9. These data (reservoir rocks only) were averaged over 20 MPa intervals in the same way as the Young's modulus data in figure 7. Poisson's ratio increases with differential stress by 20-70 percent over the pressure ranges shown here. The peak differential stress at failure for five samples is given in table 1. Values for the shale samples perpendicular and parallel to bedding are nearly the same, at 205.2 and 204.6 MPa, respectively. Precambrian basement rocks failed at differential stresses between 286 and 585 MPa. This wide range may be due to preexisting internal flaws.
Summary
Density, porosity, permeability, and elastic moduli are strongly influenced by sample lithology. The Mount Simon Sandstones have bulk densities of 2.0 to 2.5 g/cc, porosities from 6 to 21 percent, permeability from 1.8x10 -15 to 9.1x10 -19 m 2 , Young's modulus from 19 to 57 GPa, and Poisson's ratio of 0.13 to 0.27. The cap rock and Precambrian basement rocks are both low porosity and high density, with extremely low permeabilities and generally higher Young's modulus and Poisson's ratios. These physical properties reflect the layered structure of the reservoir and surrounding rocks at the Decatur site. However, the sandstones have a great deal of lithologic variety, accounting for some overlap in Young's modulus and Poisson's ratio values.
Appendix 1. Rock Textures
Measured porosity and permeability values of the cap, reservoir, and basement rocks at the Decatur CCS site vary over wide ranges. Thin sections were prepared from eight of the tested samples for petrographic examination, to correlate rock textures and mineral assemblages with their physical properties, in particular porosity ( fig. 3) and permeability (fig. 4) . Several of these factors are illustrated in the photomicrographs of the Mount Simon Shale cap rock ( fig. A1 ), the sandstone reservoir units (figs. A2-A6), and the Precambrian basement rocks ( fig. A7 ). . This sample is a nearly pure quartz sandstone, and it has the lowest porosity and permeability of the tested reservoir rocks. A, Sutured grain boundaries, marked by arrows, were produced by dissolution of silica at stressed contacts. Suturing lowers porosity and increases tortuosity of the affected grain boundaries; B, Silica overgrowths on adjoining quartz grains that largely fill the pore space. Arrows point to the original grain boundaries, and the quartz in the overgrowths is in optical continuity with the quartz in the clasts. Overgrowths can also be seen at the upper and lower left corners of photomicrograph A, along grain boundaries oriented perpendicular to the sutured surfaces. Relatively well sorted, fine-grained sandstone viewed with (A) plane-polarized light and (B) crossed polarizers. Open pores (labeled P in both photos) are very abundant, and this is the highest porosity sample. Pore walls are typically lined with clays or red-tinged iron oxides; a few examples of the clay coatings are marked by white arrows in photomicrograph B. Clays lining pore throats may impede the migration of pore fluids, causing permeability to be somewhat lower than expected based on the porosity. A small quartz crystal with euhedral termination extends partway across one of the pores (black arrow in both photos); the crystal is not in optical continuity with the quartz grain on which it grew. Photomicrographs of pre-Mount Simon sandstone. A, Lower-magnification photomicrograph, taken with crossed polarizers; B, Closer view, in plane-polarized light, of the area in photomicrograph A outlined by the box labeled B. This sample consists largely of quartz and kaolinite with minor amounts of mica, based on X-ray diffraction analysis. A considerable proportion of the kaolinite occurs in large patches, for example the center of photomicrograph A, suggesting the replacement of detrital feldspars by kaolinite, with quartz overgrowths on the adjoining quartz clasts (black and white arrows). Patches of fine-grained quartz and clay minerals, such as the one shown in photomicrograph B, may also have replaced detrital grains during diagenesis or low-grade metamorphism. Many of the quartz crystals have euhedral faces (black arrows) and the patches have relatively high secondary porosity (P). However, these high-porosity patches are localized, and the abundance of matrix clays throughout the rock will tend to reduce permeability.
Figure A7.
Photomicrographs of Precambrian basement rocks from depths of 2,187.2 m (A) and 2188.2 m (B), viewed with crossed polarizers. The basement rocks have the lowest porosity and, for the most part, the lowest permeability values measured in this study. Both samples are metavolcanic rocks with a recrystallized quartzofeldspathic groundmass with an interlocking texture. Locations marked A in both photos have the outlines of amphiboles but have been replaced by chlorite-bearing assemblages. The large altered amphibole in photomicrograph B also contains epidote (small, highly birefringent crystals) and apatite (gray rod). Microfractures are filled with chlorite and (or) iron oxides.
